In this article, we discuss an uncooled infrared ͑IR͒ detector based on an "arch-type" design realized with advanced microelectromechanical systems technology. Bimaterial microcantilevers undergo bending as their temperature changes due to the absorption of infrared photons. The bending is proportional to dissimilar thermal expansion of the two different materials composing the cantilever. We select the most optimal combination of materials used commonly in the micromachining technology resulting in highest bimaterial effect. Well known SU8 negative resist is one promising candidate having high thermal expansion coefficient ͑␣ =52ϫ 10 −6 /K͒, and relatively low thermal conductivity ͑0.2 W / m K͒. Creating a micromechanical "arch" shaped cantilever a differential stress is induced due to different thermal expansion of middle beam formed from the SU8-film. Moreover, we fabricate a design microcantilever IR detector that consists two unique skills: ͑i͒ a Si/SU8 bimaterial system as material combination with beneficial bimaterial effect and ͑ii͒ tiny silicon "arch" shaped loop which includes two beams for piezoresistive detection of the bending.
I. INTRODUCTION
One of the wide uses of infrared detectors is to record images in the infrared ͑IR͒ wave band. There are two fundamental types of IR detectors-photon detectors, sensing free electrical carriers generated in the solid when infrared photons interact with bound electrons, and, thermal detectors or bolometers, responding to an IR radiation with a measurable change in temperature. Photon detectors comprise the bulk of infrared detectors available on the market. They have a fast response and excellent signal-to-noise performance, which is achieved with cryogenic cooling. However, the costs associated with cryogenic cooled detectors limits their use to defense and research applications. In order to increase their mobility and commercial viability for application such as automotive night vision, fire-fighting and biomedical diagnostics, we focus our effort in development of low-cost detectors.
Until recently, the applications of thermal infrared detectors were limited because of slow response time and relatively low sensitivity, however, modern advances in microelectronics and material science suggest these issues could be overcome.
In the last decade, several alternatives to cooled IR sensors have been presented. They include resistive or dielectric bolometers, 1,2 pyroelectrics, 3 and thermopiles. 4 One alternative design with potential to achieve high performance at ambient temperatures has been realized by Lay et al. 5 It is based on the thermal expansion behavior in a bimorph micromechanical system. In this structure, referred to as a thermomechanical detector, the heat induced in a bimaterial cantilever by incident infrared radiation is detected with a mechanical bending of the cantilever. By combining this detector with well established readout techniques ͑capacitance, piezoresistive, electron tunneling, or optical͒, there is a great potential for realizing low cost IR cameras. However, high sensitivity was not compatible with this specific design.
In the present work, we discuss the design, fabrication, and the performance of a "arch" shaped uncooled thermal detector with high sensitivity within the spectral range of 8-14 m.
II. PRINCIPLE OF OPERATION
Different methods for optimizing the response of bimorph microcantilevers for IR sensing have been investigated so far by many research groups. These cantilevers usually consist of a bilayer of materials with two different thermal expansion coefficients. Because of the mismatch between the thermal expansion coefficients, the cantilever deflection is proportional to the temperature change of the cantilever beam. SiN x / Au or Si/ Au are two such infrared cantilever systems that have already been realized by Zhao 6 and Rajic. One of the disadvantages of these configurations is that because the thermal conductivity of the metal is so high, the heat is often dissipated before the cantilever could absorb enough energy for the bending to occur. Cantilever geometries which reduce the metal's heat transport and allow enough heat to be stored for the cantilever response are functional but with low sensitivity.
In order to achieve maximum efficiency while maintaining a simple design we have designed an alternate bimorph system. Two issues key are addressed to our design. First, we maximize sensitivity with a careful choice of bimorph materials. Here we have chosen a Si/polymer bimaterial system. Standard polymers are excellent candidates for bimorph systems as they have large thermal expansion coefficients and *No proof corrections received from author prior to publication. a͒ Electronic mail: ivanova@uni-kassel.de extremely low thermal conductivity. In our bimorph system, we utilized SU8, a polymer commonly used in the micromachining technology. Its thermal expansion coefficient is a =52ϫ 10 −6 / K and its thermal conductivity is extremely low, namely k =0.2 W/m K.
The second issue key to our design is that instead of employing a bilayer system, we physically separate the materials from each other in a special geometric design. The absorber material, a thinly divided metal made from black gold, is a huge heat reservoir which lies in the center of a SU8 beam. This absorber material was chosen based on fabrication and mechanical constraints as well as the specific IR band of interest. By using the SU8 beam as a thermal isolator, we prevent the absorbed heat from sinking to the cantilever holder ͑bulk Si͒. In such a manner, for a given IRradiation load, the absorbed radiation effectively increases the SU8 beam temperature and thus expansion. The detector material is Si fabricated as a loop ͑arch͒, which consists of two beams with integrated piezoresistive sensors. 8, 9 When the SU8 beam, with its high thermal expansion coefficient, elongates, the Si arch deflects. The deflection is then detected by the integrated piezoresistive sensor.
With this design, 10 we have achieved a bimorph detector ͑Fig. 1͒ with an excellent thermal isolation between the absorbing and detecting regions, and thus, a high sensitivity.
III. OPTIMIZATIONS
The properties of the designed sensor were investigated and optimised using finite element ͑FE͒ modeling. To identify device temperature sensitivity and cross talk between the absorber and readout detector, a three-dimensional thermomechanical numerical model was developed.
The numerical model was built using the commerciallyavailable finite element code ANSYS-8.0. Thermal simulation included the calculation of the spatial distribution of the temperature for a given IR-radiation flux. The mechanical behavior of the sensor is simulated considering the bimorph device's response induced by the IR-radiation spatial temperature distribution.
In order to receive a maximum mechanical deflection for a given absorbed IR power, we have studied device geometry. The cantilever dimensions, as defined by the lithographic mask and considered in the model, are: cantilever length= 562 m, width SU8 = 200 m, width Si= 15 m, and absorber ͑240ϫ 200ϫ 0.035 m 3 ͒. In the device modeled, the deflection of the cantilever's end was investigated as a function of thicknesses of the various films comprising the bimorph system. Three arch Si thicknesses ͑1.2, 1.8, and 2.4 m͒ and several SU8 thicknesses up to 5 m were considered.
The temperature distribution for SU8 thickness of 2.3 m and a Si arch of 1.2 m, is presented in Fig. 2͑a͒ . The induced deflection is presented in Fig. 2͑b͒ . Figure 3 summarizes the results of the geometry optimization analysis. The temperature distribution ͑thermal behavior͒ for different arch thicknesses, is simulated for an incident IR flux of 10 W / m 2 ͑this corresponds to a 5 K target temperature increase over room temperature when 75% of the power flux in the 8-14 m band is absorbed͒ is presented on Fig. 3͑a͒ . The thermal behavior is shown to be practically independent of the Si arch thickness and dependents only on the SU8 beam thickness. Figure 3͑b͒ shows the deflection response for a single temperature distribution. The absolute value of the deflection increases with increasing the SU8 beam thickness, reaching a maximum value, and then decreases with the thickness of the SU8 beam. Figures 3͑a͒ and 3͑b͒ show that, although minimizing the SU8 thickness maximizes the thermal response and thus thermal expansion, beam stiffness effects require a larger beam thickness for deflection to occur. The contrary effects produce an optimum SU8 thickness where maximum deflection is achieved. Figure 3͑b͒ also shows that the maximum deflection depends strongly on the thickness of the Si arch. Deflection increases with decreasing Si arch thickness; however, the thickness cannot be infinitesimal and its minimum value depends on the utilized fabrication technology.
To maximize the pixel density in an IR camera, it is desirable to shrink the device size. We therefore investigated the effect of the device dimensions ͑length and width͒ on thermomechanical sensitivity and the thermal time constant. Figure 4 shows the temperature distribution and deflection results when all dimensions are scaled by a factor of 0.2. Keeping the incident IR flux to 10 W / m 2 , we found that the SU8 beam temperature decrease from 691 mK ͓Fig. 3͑a͔͒ to 161 mK ͓Fig. 4͑a͔͒. For this reduction in scale, the deflection is reduced about ten times and the stress is reduced by approximately four times from 3.2 to 0.7 MPa ͑Fig. 5͒. Moreover, the response time decrease from 1.05 s to 42 ms. Obviously the response time is faster and although significantly reduced dimensions the proposed arch design works still efficient. 
IV. FABRICATION
The arch type IR device is realized with a double-sided micromachining concept. First the top of the structure is patterned with a sequence of standard semiconductor technology processes. We start with n-type ͑100͒ silicon wafers. After initial cleaning, and 1 m oxidation, the first photolithographic step is performed to define the arch structure. Windows are opened in the oxide and heavily doped p + connections are created by high concentration boron diffusion, followed by a high-temperature drive-in step ͓Fig. 6͑a͔͒.
The second photolithogrpahy step defines the piezoresistors. Again, holes are opened in the oxide and followed by moderate boron diffusion or alternatively, by implantation and annealing ͓Fig. 6͑b͔͒. Doping conditions as well as annealing parameters are optimized to obtain high sensitivity of the piezoresistors.
The third photolithography step opens up "contact" holes in the oxide to the p + doped regions of the arch structure. Then, to form the metal connections to the arch, a 0.8-m-thick Al film was deposited using the magnetron sputtering technique. A fourth photolithography step followed by metal etching defines the electrical connections ͓Fig. 6͑c͔͒. Through these steps, the basic electrical structure of the piezoresistive deflection sensor is formed in silicon.
Subsequently, the silicon dioxide film was removed and the silicon body and the whole IR microarch devices structure was formed by front-side lithography, followed by silicon etching in the Ar/ SF 6 plasma ͓Fig. 6͑d͔͒. After removing the photoresist in the oxygen plasma, a thin plasma enhanced chemical vapor deposition silicon nitride was deposed as a passivation layer.
The sixth lithography step was performed again on the front of the wafer to define lithographically the SU8 polymer beam ͓Fig. 6͑e͔͒.
After that, the absorber pad is deposited and formed employing next lithography step ͓Fig. 6͑f͔͒.
In the next steps the backside of the wafer under the already formed arch shaped structure and SU8 beam has to be thinned forming tiny membrane. It has to be noted, that the pattern at the back wafer side has to be aligned with the already formed in silicon front-side structures to ensure the required future IR device. During the etching the front side was protected by placing the wafer in a chuck. The etching was stopped when desired membrane thickness ͑3-5 m͒ reached ͓Fig. 6͑g͔͒. The rest of the membrane was etched completely in SF 6 plasma. Figure 1͑b͒ shows the scanning electron microscopy ͑SEM͒ picture of the finale device.
V. EXPERIMENT
We study the performance of fabricated arch microcantilever as uncooled infrared detector with piezoresistive readout. The response of the IR arch detector was measured at atmosphere pressure and an operating temperature of 296 K. The detector was connected to an external Wheatstone bridge, which was supplied with a 0.5 V direct current voltage. Then the detector was exposed to the radiation of a blackbody, the temperature of which was changed in range 296-696 K. In this way, we can control the infrared power by controlling the source temperature. Providing that the overall source emission can be regulated, the blackbody IR source provides high levels of power repeatability.
The infrared radiation source-detector system is characterized by the configuration factor F. This factor represents the fraction radiating body's heat reaching the sensor surface. That factor depends on the distance and relative orientation between the two surfaces as well as the size of the radiating surface. Thus, if we assume a thermal source at temperature T s and emmissivity , the thermal power absorbed by the detector at temperature T t , area A t and absorptivity ␣ can be expressed as: P = F␣A t ͑T s 4 − T t 4 ͒, where = 5.67 ϫ 10 −8 W/m 2 K 4 is the Stefan-Boltzmann's constant. Using a source with emmissivity of 0.95 and area 25 cm 2 , located at 16 cm from the detector with absorptivity 0.9, the absorbed power ͑in watts͒ is estimated to be P Ϸ 7 ϫ 10 −17 ϫ ͑T s 4 − T t 4 ͒. The incident radiation was modulated by a mechanical chopper, and the signal was measured using a lock-in amplifier.
Under these conditions, the Wheatstone bridge voltage drop response was 23 V ͑corresponding to 23 nm cantilever deflection͒ per 10 nW IR absorbed power.
The response as a function of the chopper frequency was also measured. It was found that arch type IR detector has a high response that depends strongly on frequency, decreasing from over 2300 V / W at 0.5 Hz to about 400 V / W at 10 Hz. Therefore, the thermal response time, reciprocal cutoff frequency, is approximately 16.6 ms, which is suitable for the frequency response required for 30 Hz imaging applications.
VI. CONCLUSIONS
We have proposed, simulated, and fabricated an uncooled micromachined arch type cantilever for IR radiation detection. The advantages of a micromachined arch type IR device include extremely high sensitivity, high signal-to-noise, flexibility in design, and straightforward fabrication based on Si device technology. Simulations were used to optimize the geometric design of the bimorph material system. The possibility of scaling down the device dimensions were also simulated and shows great promise for realization of high pixel density IR cameras. Experiments on an actual device show good agreement with theoretical prediction.
